In a slice preparation of the rat nucleus accumbens (Acb), local electrical stimulation elicited a field potential comlx~ed of two negative peaks, followed by a positive wave. The early negative peak was identified as a non-synaptic compound action potential, the late negative peak as a monosynaptic population spike (PS) and the positive wave as a mixture of an excitatory and an inhibitory postsynaptic potential (PSP). Both the PS and the PSP exhibited a marked degree of paired-pulse facilitation. The qnisqualate/kalnate receptor antagonist 6cyano-7-nitroquinoxaline-2,3-dione (CNQX; 2 gM) and the broadly acting glutamate receptor antagonist kynurenic acid (300/~M) reversibly abolished or reduced both the PS and PSE In contrast, nicotinic, muscarinic and N-methyl-r~-aspartate (NMDA) receptor antagonists had no suppressive action. Washout of Mg 2+ from the superfusion medium reversibly enhanced and prolonged the PSP and this effect was blocked by the NMDA receptor antagonist o(-)-2-amino-5-phosphonopentanoic acid (D-AP-5). The y-aminobutyric acid antagonist picrotoxin (60 #M) enhanced the PS and induced secondary spikes which were superimposed on a prolonged PSE Most of this prolongation was abolished by D-AP-5. It is concluded that locally evoked synaptic responses in the Acb are mediated by glutamate or aspartate, and that NMDA receptor mediated activity evoked by low-frequency stimulation is substantial in Mg2+-free medium or during reduced GABA A receptor activity, but not under normal conditions.
INTRODUCTION
The distinction between the dorsal striatum, largely comprising the caudate-putamen complex, and the ventral striatum is generally accepted 2°'24'25. The ventral striatum is constituted of the nucleus accumbens (Acb), the striatal elements of the olfactory tubercle and the most ventromedial parts of the caudate-putamen complex 19'24'25. The ventral striatum forms an important part of the so-called 'limbic striatum' as described by Kelley et al. 34. Anatomical tracing studies have shown that the inputs and outputs of the dorsal and ventral striatum are organized in a parallel fashion 2°'24'25. While the dorsal striatum receives its main input from the entire neocortex, the intralaminar thalamic nuclei and substantia nigra pars compacta, and sends a large output to the globus pallidus and substantia nigra pars reticulata, the ventral striatum is innervated by the subiculum, amygdala, prefrontal cortex, midline thalamic nuclei and ventral tegmental area (VTA) and projects to the ventral pallidum, substantia nigra and VTA 16 '18'24'48'52'63. Most input fibers from the subiculum and amygdala probably terminate on medium-sized neurons in the Acb 11 that are most likely GABAergic and peptidergic 3, 24 . Projection neurons in the Acb are thought to be mainly GABAergic and peptidergic 21 '31'62'63. Behavioral, anatomical and physiological studies have supported the notion that the Acb functions as an interface between the limbic system and structures mediating motor behavior 16'25'37'45. It has been suggested that the Acb is involved in several motor disorders, in schizophrenia and in drug addiction 29"35'55-58. For a better understanding of the role of the Acb in normal and pathological behavior, it is necessary to unravel the intrinsic circuitry of the Acb and the functions of the transmitters involved. The role of the glutamatergic system has been little explored, although the inputs mentioned above, except those arising in the VTA, are probably glutamatergic according to transmitter-specific retrograde tracing 6, 14 Biochemical studies have shown a relatively high level of N-methyl-D-aspartate (NMDA) binding sites in the Acb 46. The occurrence of NMDA receptor activity in this brain area is of special interest since this receptor mediates induction of long-term potentiation in the hippocampus 7"23'4°. As yet it is unknown whether it is involved in synaptic plasticity in the Acb as well. In the hippocampus, substantial NMDA receptor activity only occurs during high-frequency stimulation or during lowfrequency stimulation in nominally Mg2+-free medium 27' 39 However, in slice preparations of the visual and entorhinal cortex, as well as subthalamic area, NMDA receptors markedly contribute to synaptic responses elicited by low-frequency stimulation and in the presence of Mg 2+ (refs. 32, 33, 47) . For the Acb it was suggested that NMDA receptors mediate the major part of the excitatory postsynaptic potential (EPSP) evoked by local electrical stimulation, but the results are somewhat ambiguous 6°.
Whereas the pallidal and nigral areas probably receive a strong GABAergic input from the Acb, GABA may also act within the Acb itself. Projection cells have been shown to possess axon collaterals which terminate in the Acb. Indeed, results obtained by Chang and Kitai 5 and Uchimura et al. 6° indicate that the fast EPSP elicited by local stimulation is followed by an IPSP mediated by GABA A receptors. In this study, we specifically tried to determine whether GABA is able to counteract both NMDA-and non-NMDA receptor mediated activity.
We addressed these questions by investigating field potentials evoked by local electrical stimulation in slices of the Acb. Spike activity and postsynaptic potentials were recorded and analyzed using pharmacological tools to manipulate the glutamatergic and GABAergic system. In addition, we tested whether the cholinergic transmitter system contributes to the locally evoked potential 44.
MATERIALS AND METHODS
Slices were prepared from male Wistar albino rats (120-200 g) that had been anesthetized with ether. After decapitation, the brain was carefully removed from the skull and cooled in Ringer solution at 3-7 °C for 1-2 min. The lateral parts of both hemispheres were removed to leave the medial 3-4 mm of each hemisphere intact. After the trimmed hemispheres had been separated by a sagittal cut, the dorsal part of the cerebrum was removed by a horizontal cut about 1.0 mm dorsal to the decussation of the anterior commissure (AC). The ventral striatum was further trimmed by a horizontal cut just above the olfactory tubercle. Slices were obtained either by using a Sorvall tissue chopper (400/~m thick) or by using a set of parallel-mounted razor blades (500/~m thick) 4°. In both procedures, the basal forebrain was cut in the transverse plane.
The slices were transferred to the recording chamber, placed 31 between a nylon mesh and a plastic net and completely submerged. They were continuously superfused (1-2 ml/min) with oxygenated (95% O z, 5% CO2) Ringer solution (33-35 *C, pH 7.3) of the following composition (in mM): NaCI 119, KCI 3.5, MgSO 4 1.3, CaCI 2 2.5, NaH2PO 4 1.0, NaHCO 3 26.2, glucose 11.0. The slices were allowed 1 h rest prior to recording. They were kept in good condition for at least 10 h, even after long periods of low-frequency (0.15-Hz) stimulation. Bipolar, biphasic rectangular current pulses (40-550 /zA, generated by a Grass S-88 stimulator) of 0.2-ms duration were applied to the slice through two 60-/~m-thick stainless-steel electrodes, insulated except at the tip and separated by 100-200/~m. The recording electrodes were glass micropipettes filled with 3 M NaCI (4-10 MI~). Field potentials and unit activity were amplified and displayed on a digital Nicolet 3091 oscilloscope. In addition, they were sampled at 10.0 or 20.0 kHz, averaged (n = 8) on line using a Motorola Exorset microcomputer and stored on diskette for further analysis. Unit activity was usually sampled at 20 kHz and not averaged. Stock solutions of tetrodotoxin (TTX), kynurenic acid, picrotoxin (PTX), y-D-glutamylglycine (yDGG), atropine (all from Sigma) and D-AP-5 (Tocris neuramin) were made up in distilled water.
Pentobarbital (Onderlinge Pharmaceutische Groothandel, Netherlands) was solved in an alkaline saline solution, CNQX (Tocris neuramin) in dimethylsulfoxide. The latter drug was diluted 104 or 2 x 104 times for preparing test solutions. Dimethylsulfoxide alone had no effect on field potentials (4 slices tested). D-Tubocurarine (Asta-Werke) and pyridostigmine bromide (Hoffman-LaRoche) were available in dissolved form. The pH of the Ringer solutions was checked at least once for each drug added and was found to he 7.3-7.4.
Quantification and statistics
The threshold current needed for evoking an N2 component ( Fig.  2A ) was set at 0%; the minimal current intensity evoking a maximal N2-amplitude was set at 100%. Amplitudes of field potential components were measured with respect to the basefine preceding the stimulus. Statistical evaluation of pharmacological effects and paired-pulse facilitation of field potentials was done using Wiicoxon's matched-pairs signed-rank test. In other cases Student's t-test was used. Values between brackets denote mean + S.E.M. unless noted otherwise.
RESULTS

Locally evoked field potentials and unit activity
In Fig. 1 an outline of a typical slice comprising the Acb and its border structures is sketched. On visual inspection of living slices, the borders of the Acb were recognized as follows. The medial border was clearly demarcated from the vertical limb of the diagional band of Broca, the ventral taenia tecta and the medial and lateral septum by the zonula limitans 26. Dorsally, the Acb was distinguished from the caudate-putamen by the absence of fascicles of the internal capsule. The ventral boundaries of the Acb were formed by the olfactory radiations in the deep layers of the olfactory tubercle. The shape and position of the lateral ventricle, the septum, the corpus callosum and the AC were clear markers of the anterior-posterior level of the slice surface with respect to bregma 51. The slices used were taken from about 1.0 and 2.5 mm anterior to bregma.
Electrical stimulation within the Acb evoked a corn-plex field potential, always consisting of an early negative peak (N1; mean peak latency: 1.45 + 0.45 ms; n = 60) and a late negative peak (N2; mean peak latency: 4.0 + 0.1 ms; n = 65; onset range 1.9-3.4 ms). N1 was usually followed by a small positive component, P1 ( Fig. 2A ), N2 by a relatively long-lasting positive wave, P2. This field potential could be recorded in all subregions of the Acb, although P2 was most clearly seen in the region surrounding the AC and in other border regions of the Acb. The position of the stimulation electrode did not matter in this regard. In 8 slices the position of the recording pipette was varied with respect to the AC while the stimulation electrode remained at the same location. In all but one slice it was shown that the amplitude of the P2 component increased towards the border of the AC but within the AC decreased to zero. These variations in P2 amplitude did not correlate to changes in the amplitude of N2. Across different experiments maximal N2 and P2 amplitudes were found at a distance of 0.2-1.0 mm from the stimulation site. N1 and N2 usually appeared at lower stimulation intensities (109 + 11 pA; n = 18) than P2, but saturated at about equal intensities as P2 (412 + 20 pA). When shifting intensity from 10-20% to 90-100%, the peak latency of N2 decreased by 1.2 + 0.2 ms (n = 10) whereas the peak latency of N1 did not change significantly (mean decrease 0.1 + 0.1 ms; n = 7), The shift in the onset latency of N2 (0.5 + 0.1 ms; n = 10) was less than in the peak latency.
Several tests were performed to determine which components of the field potential are mediated by synaptic processes: (1) in 6 slices, a high-frequency (100-Hz) train of 10 stimulation pulses was applied to the slice. In all cases, N1 and P1 were observed to follow the stimuli faithfully, while N2 and P2 did not. (2) As illustrated in Fig. 2A -C, superfusion of medium containing 0.2 mM Ca z÷ and 8.0 mM Mg 2÷ reversibly abolished the N2 and P2 component, while N1 and PI were left intact (n = 4). From Fig. 2C and D it is evident that 0.5 #M TTX abolished all components of the evoked potential (n = 4); only an early, small positive component was left, which was presumably a stimulus artifact.
A conspicuous finding was that locally evoked field potentials showed a pronounced degree of paired-pulse facilitation. In Fig. 3A a typical example of paired-pulse facilitation is shown. Both N2 and P2 were strongly facilitated while N1 and P1 were not. At 80-100% stimulation intensity and 20 ms interstimulus interval, the N2 amplitude of the test response was 2.1 + 0.3 (n = 20) times larger than that of the conditioning response. Likewise, P2 was enhanced by a factor of 2.t + 0.4 (n = 8) while N1 was not facilitated (1.05 + 0.04; n = 20). At 20-30% stimulation intensity the ratio was 2.6 + 0.4 (n = 15) for N2 and 2.9 + 0.6 (n = 6) for P2. These mean values were significantly larger than at 80-100% stimulation intensity (Wilcoxon's matched-pairs signed-rank test; P < 0.05, n = 6 for P2 and P < 0.01, n = 15 for N2). The ratio for NI (1.03 + 0.03; n = 13) did not significantly differ from the ratio found at 80-100%. Paired-pulse inhibition was encountered in only two out of 20 cases tested and only at high-stimulus intensity (80-100%). The dependence of paired-pulse facilitation on interstimulus interval is shown in Fig. 3B . Pairedpulse facilitation reached a maximum at the 20-ms interval for N2, but sometimes it was still present at an interval of 200 ms (n = 5). In order to relate the different components of the locally evoked potential to neuronal discharges, unit activity was studied. This type of activity was distinguished from population spikes by the methods outlined by Lemon and Prochazka 36. Spontaneous firing of single cells in the Acb slice was never encountered. In contrast, many units fired in response to local stimulation. Repetitive firing was encountered in only one case on a total number of 114 units.
Antidromically activated units were distinguished from orthodromically activated units by 3 criteria: (1) lack of jitter in unitary discharges; (2) high-frequency following (3-6 pulses, 100 or 150 Hz); (3) absence of changes in unitary discharge latency with varying stimulation intensity. In addition, units responding within 1.0 ms to stimulation can be identified as being antidromically activated 36 . Of the 85 units tested, 53 were found to respond orthodromically and 26 antidromically (6 units were found to respond sometimes orthodromically and sometimes antidromically). The amount of jitter in the orthodromic discharges was 0.35 _ 0.04 ms (n = 51). The antidromically activated neurons appeared to fire at a shorter latency (1.9 + 0.2 ms; n = 26) than the orthodromically activated neurons (4.1 + 0.1; n = 53; P < 0.001).
In Fig. 4 the number of unitary discharges is plotted against their latencies. For each unit, 1-4 randomly chosen discharges were incorporated in this histogram. The mean latency of the antidromic discharges was in the same range as the mean latency of the N1 peak of the field potential (see above). Likewise, the mean latency of the N2 peak almost coincided with the mean latency of the orthodromic discharges. These mean latencies were determined from the field potentials accompanying the spike events. Furthermore, the discharge latency and the latency of the field negativity were found to be significantly correlated (correlation coefficient 0.80, n = 60, P < 0.001). In the case of an antidromic unitary discharge N1 was chosen for the field negativity; N2 was chosen when an orthodromic unitary discharge was encountered. Finally, the orthodromic discharges were shown to be time-locked to the N2 peak. After recording discharges of single units at an intensity of 70-90%, the stimulation current was lowered to 10-30% and the latency shifts of both the N2 peak and the unit discharge were recorded. The correlation between these two latency shifts was statistically significant (correlation coefficient 0.63, n = 18, P < 0.01). The occurrence of paired-pulse facilitation of unitary discharges was tested at various interstimulus intervals. The stimulus intensity was adjusted just below the threshold necessary to evoke a unitary discharge in the conditioning response, Of 27 orthodromic units tested at a 20-ms interval, 21 discharged in response to the test stimulus, indicating facilitation, while 6 did not. The maximal interval at which facilitation was still detected was 125-250 ms (5 units) .
The analysis of unit activity given here and the results presented in the following sections clearly support the notion that the N1 component of the locally evoked potential is a (non-synaptic) compound action potential (CAP), N2 a monosynaptic population spike (PS) and P2 a mixture of an EPSP and an IPSP, collectively called PSP (see Discussion). In the following sections, the conventional terminology will be used to denote these different components.
The transmitter system mediating the synaptic response
As mentioned above, the Acb is massively innervated by glutamatergic fibers originating in the subiculum, amygdala, prefrontal cortex and the midline thalamic nuclei. To investigate whether local stimulation is able to activate these fibers, slices were exposed to the quisqualate/kainate receptor antagonist CNQX and the broadly acting Glu/Asp receptor antagonists kynurenic acid and xDGG. In these experiments, summarized in Table I , the amplitude of the CAP served to monitor possible non-specific changes in the response not due to effects on the synaptic response.
In Fig 0.01) and 3 + 3% (n = 5) of control values (washout values: 94 + 4% and 93 _ 6%) but did not affect the CAP (107 + 5% of control). Kynurenic acid (300 ~M) had the same effects, although its antagonizing action was less powerful (Fig. 5D-F) : the population spike was reduced to 29 + 6% of control (n = t0; P < 0.01; washout: 100 + 4%) and the postsynaptic potential to 16 + 7% of control (n = 7; P < 0.02; washout: 91 _ 6%). The effects of both CNQX and kynurenic acid were observed in all subregions of Acb studied: at several locations along the anterior-posterior, dorsoventral and lateromedial axis in the core region of the Acb, and in the ventral and dorsomedial portion of the shell. The synaptic response was also decreased by application of 400 #M gDGG: the population spike was reduced to 72 + 4% of control (n = 6; P < 0.05; washout: 94 +_ 4%) and the PSP component to 62 _+ 11% of control (n = 4; washout: 91 + 9%). To test whether NMDA receptors participate in mediating the synaptic response, Acb slices were superfused with Ringer solution containing 50/~M D-AP-5 and stimulated at a low rate (0.15 Hz). A reduction of the postsynaptic response was not found: the amplitudes of the PS and PSP with respect to control level amounted to 102 + 2% and 101 + 4%, respectively (n = 4).
In another series of experiments, the Acb slice was superfused with Mg2+-free Ringer solution containing 50 /~M D-AP-5, and subsequently with Mg2+-free solution (Fig. 6 ). D-AP-5 was co-administered with Mg2+-free solution before Mg2+-free solution alone was applied since the latter might induce a long-lasting enhancement of the response, like it does in the hippocampal slice preparation 39. When stimulation intensity was adjusted to 50%, superfusion of Mg2+-free solution induced enhancements of CAP, PS and PSP to 115 + 6% (n = 7; P < 0.05; washout: 100 + 6%), 139 + 12% (n = 7; P < 0.02; washout: 104 + 17%) and 145 + 12% (n = 7; P < 0.05; washout: 85 + 10%, not significant) of control levels, respectively. Superfusion of 0 mM Mg2+/D-AP-5 solution elicited similar changes in all of these components: the CAP, PS and PSP increased to 116 + 5% (n = 7; P < 0.05; washout: 98 + 2%), 149 + 12% (n = 7; P < 0.05; washout: 106 + 3%) and 119 _+ 5% (n = 7; P < 0.02; washout: 102 + 5%), respectively. Furthermore, during 0 mM Mg 2+ superfusion the duration of the PSP was reversibly enhanced to 155 + 17% of control level ( Fig. 6 ; n = 6; P < 0.05; washout: 92 + 8%). This enhancement was strongly accentuated in the test response. During 0 mM Mg 2÷ and 50/~M D-AP-5 superfusion the PSP component was not prolonged (mean duration of PSP relative to control response: 95 + 3%, n = 6, not significant). 
Quantified effects of neuroactive substances on locally evoked potentials in the nucleus accumbens : means +_ S.E.M. as % of control amplitudes
The locally evoked potential was measured at 70-90% stimulation intensity, except in experiments using 0 mM Mg 2+ solution, 0 mM Mg2+/D-AP-5 solution and picrotoxin, where the intensity was 50%. The amplitude was measured from peak to baseline. Statistical comparisons were made with respect to the control period preceding administration of the drug (15 rain) using Wilcoxon's matched-pairs signed-rank test. n.s., not significant; (-), number insufficient for Wilcoxon's test (n < 6). NMDA receptors. This activity was not blocked by 2 kLM CNQX. In 3 slices it was shown that a small PS and a long-lasting positive wave could still be induced by Mg 2÷ washout during superfusion of 2 /~M CNQX. This response was completely blocked by 50 ~M D-AP-5. The positive component was of about the same amplitude as the additional component evoked by superfusion of Mg2+-free solution in the absence of CNQX (Fig. 7) . Although the findings mentioned above provide evi- Fig. 8 . Picrotoxin enhances the population spike and prolongs the postsynaptic potential; the latter effect is largely mediated by NMDA-receptors. A,B: at 50% stimulation intensity, the amplitude of the population spike was enhanced and a small N3 component appeared following application of 60/~M picrotoxin. C: these effects were reversible after 2-3 h wash. D: in a different experiment, picrotoxin evoked two unitary discharges (indicated by arrows) which were superimposed on the population spike and N3, respectively. In the control situation, only one unitary discharge, coinciding with the PS, was found. Calibration bar is 0.5 mV for A-C and 1.0 mV for D. E,F: at 100% stimulation intensity and following paired-pulse stimulation, the pierotoxin-induced enhancement of the postsynaptic potential and appearance of N3 were generally seen more clearly. G,H: these changes were largely and reversibly abolished by 50 pM o-AP-5. dence for a glutamatergic mechanism of transmission, other transmitter systems may contribute to the locally evoked potential. Considering experiments in the dorsal striatum 44 it may be expected that acetyicholine is involved in mediating locally evoked potentials in the ventral striatum. If this is indeed the case, the reversible acetylcholinesterase inhibitor pyridostigmine should enhance or prolong the synaptic response. However, pyridostigmine (50/~M) reversibly reduced the PS and PSP but did not affect the CAP (n = 6; results not shown).
The involvement of cholinergic transmission was further tested using 14 #M o-tubocurarine and 100 /~M atropine. During D-tubocurarine application the amplitude of the CAP and PS amounted to 97 + 6% and 104 + 4% of control levels, respectively (n --9, n.s.). The PSP amplitude, however, decreased to 71 +_ 8% of control (n = 4). This effect was partially reversible by washing out for 30-60 min (recovery value: 79 + 6%; n = 4). Atropine slightly enhanced the PS and PSP to 125 + 10% (n = 6, n.s.) and 111 + 6% (n = 4) of control while the CAP remained close to control level (105 + 3%, n = 6). These results were found at several recording sites throughout the Acb, i.e. in the dorsomedial and ventromedial parts of Acb and in the core, at a rostral as well as at a caudal level. Thus it appears that the role of ACh in the Acb is not to mediate the locally evoked response but is more likely to exert a depressant effect on synaptic responses. Fig. 9 . Pentobarbital reduces the population spike and turns paired-pulse facilitation into paired-pulse inhibition. A,B: at 70% stimulation intensity, the population spike and postsynaptic potential of the conditioning response decreased during application of 100 /~M pentobarbital, while the population spike and postsynaptic potential of the test response were even more strongly reduced. C: these effects were largely reversible after washout of pentobarbital.
GABAergic modulation of glutamatergic transmission
The effects of blocking CI-channels coupled to GABA A receptors by administration of 60/~M PTX were investigated at different stimulation intensities. At 50% intensity the amplitude of the PS increased to 179 + 15% of control ( Fig. 8A -C; n = 9; P < 0.01; washout: 124 + 13%, n.s.); the CAP remained close to control level (103 + 4%; n = 9). In addition, a third, negative component (N3) appeared superimposed on the PSP. In most slices, the PSP apparently decreased in amplitude (63 + 15%, n = 7, n.s.), due to the appearance of the N3 component. At 100% stimulation intensity and during paired-pulse stimulation it became obvious that the PSP was not suppressed, but masked by the N3 component. Fig. 8E ,F shows that the PSP was in fact prolonged by PTX. The N3 component and the prolongation of the PSP were most clearly seen in the test response and thus exhibited paired-pulse facilitation. Under normal conditions orthodromic unitary discharges only occurred within the latency range of the PS, whereas during PTX discharges were also found within the latency range of N3 ( Fig. 8D;  4 slices tested). This suggests that N3 is a secondary population spike. Threshold intensity was considerably lowered during PTX superfusion. All of these changes were reversible after prolonged washout.
By applying 50/~M D-AP-5 during superfusion of PTX we were able to show that a blockade of GABA A receptor mediated activity allowed NMDA receptor mediated activity to emerge ( Fig. 8E-H) . At 80-100% stimulation intensity PTX induced an N3-component in the conditioning and test response, while the PSP was prolonged. The N3 component and the late phase of this prolonged PSP component were reversibly blocked or reduced by 50 ~M D-AP-5 (n = 4).
Pentobarbital (100/~M), which enhances the efficacy of GABA receptors 5'53, had effects on both the conditioning response and paired-pulse facilitation. In the example shown in Fig. 9A -C a clear paired-pulse facilitation was present in the control situation. The PS of the test response was almost completely abolished during application of pentobarbitah In addition, application of pentobarbital reduced the PS and PSP of the conditioning response to 60 + 9% (n = 6, P < 0.05; washout: 108 + 13%) and 88 + 9% (n = 5; washout: 97 + 4%) of control values, respectively. In these experiments, the CAP remained close to control level (104 + 4%; n = 6).
DISCUSSION
The field potential evoked by local stimulation in Acb slices has not been described before. Therefore, we will first discuss what type of neuronal responses the distinct components of the potential represent. Secondly, the 37 transmitter mechanism mediating the evoked potential will be discussed.
Analysis of locally evoked field potentials
The field potential can be subdivided into non-synaptic and synaptic components. The following arguments demonstrate that the N1 and P1 component are nonsynaptic and N2 and P2 synaptic: (1) the amplitudes of N1 and P1 were invariant during high-frequency and paired-pulse stimulation. In contrast, the N2 and P2 did not follow frequencies of 100-150 Hz but exhibited a strong paired-pulse facilitation at intervals of 10-30 ms;
(2) the peak latency of N1 did not depend on stimulation intensity whereas the peak latencies of N2 and P2 decreased with increasing intensity; (3) superfusion of 0.2 mM Ca 2÷ and 8.0 mM Mg 2÷ reversibly abolished N2 and P2 but not N1 and P1; (4) units discharging in the latency range covered by N1 were identified as being antidromically activated, whereas those discharging in the latency range covered by N2 responded in an orthodromic fashion; (5) N1 and P1 resisted manipulation by a number of neuroactive substances whereas N2 and P2 changed depending on the nature of the substance.
The complete block of field potentials by 0.5/tM TI'X showed that all components are dependent on current flow through Na ÷ channels. The close correspondence between the latencies of antidromic unitary discharges and the mean latency of N1 ( Fig. 4 ) strongly suggests that this component consists of extracellular spikes not generated via synapses. Local stimulation in the Acb most probably generates action potentials in afferent and efferent fibers as well as directly in neuronal somata. Thus, N1 can be identified as a CAP.
Several observations clearly indicate that N2 is generated via a monosynaptic pathway: (1) the onset latency of N2 is in the range of 1.9-3.4 ms and decreases little with increasing stimulation intensity; (2) likewise, the latency shift in the N2 peak at increasing intensity is small and typical for monosynaptic responses; (3) the small amount of jitter encountered in orthodromic units characterizes monosynaptic responses 11. The latency and amplitude of P2 depend on stimulation intensity in a similar way as N2 does. Therefore, P2 is probably also the result of monosynaptic activation.
A strong temporal relationship between N2 and orthodromic unitary discharges was demonstrated. The significant correlation between the latencies of unitary discharges and the latencies of the accompanying field negativities (N1 or N2) underscores that these field negativities are constituted by unitary discharges. A time-locked relationship between the N2 component and the orthodromic unitary discharges was demonstrated by the significant correlation between the latency shifts of orthodromic firing and of the N2 peak amplitude that were due to increasing stimulation intensity 1. These arguments strongly suggest that N2 is a PS. Its amplitude can be taken as a valid index for the number of cells firing synchronous in response to stimulation.
Whereas the CAP and PS could be elicited in all subregions of the Acb, P2 was most obvious in the border regions of the Acb. Although a definite demonstration has not been presented, we can advance arguments to support the interpretation that this component represents a mixture of an EPSP and an inhibitory postsynaptic potential (IPSP): (1) the amplitude of P2 strongly varied between different recording sites within the same slice. This spatial variability, which did not correlate to changes in the amplitude of N2, eliminates the possibility that P2 is a rebound effect of the PS. (2) P2 was abolished or reduced by application of antagonists of excitatory amino acid receptors. (3) Our experiments employing Mg 2÷free medium and D-AP-5 demonstrated that NMDA receptor mediated activity enhanced P2. (4) Block of inhibition mediated by GABA A receptors enhanced and prolonged P2 and induced an N3 component, presumably a secondary population spike (Fig. 8D ). This spike always occurred concomitantly with a prolonged P2. (5) Pentobarbital reduced the amplitude of P2, especially in the test response (Fig. 9 ). The two latter findings suggest that an IPSP is intermingled with an EPSP and may have, extracellularly, a polarity opposite to that of the EPSP. However, some caution is warranted as regards the specificity of pentobarbital, since it has also been reported to reduce excitatory amino-acid induced currents 41. IntraceUular recordings have shown that locally evoked synaptic potentials indeed consist of an EPSP followed by an IPSP, thus corroborating this interpretation (Pennartz et al., in preparation; refs. 5, 60).
A phenomenon not previously reported is the marked paired-pulse facilitation of locally evoked potentials and unitary discharges. It lasts about as long as in the hippocampus 9 but longer than in slices of the dorsal striatum 43. Miller 42 even reported a potent paired-pulse inhibition at high stimulus intensities in slices of the dorsal striatum. These findings may indicate a difference between the dorsal and ventral striatum in processing excitatory information.
Considering a number of studies reporting recurrent inhibition 5° and extensive collateralization of axons from medium-sized spiny neurons in the striatum 4, the occurrence of a powerful facilitatory effect is surprising. We found that PTX enhanced paired-pulse facilitation of the PSP and of secondary spikes superimposed on the PSP. This finding suggests that, under normal conditions, GABA does have some inhibitory control over pairedpulse facilitation. Application of pentobarbital strongly suppressed the test response. Since pentobarbital is generally assumed to enhance GABAergic inhibition, this finding suggests that under normal conditions GABAergic control over paired-pulse facilitation is not maximal.
The transmitter mechanism mediating the locally evoked potential and its modulation by GABA In attempting to identify the transmitter system mediating the locally evoked synaptic response, the following results are of importance: (1) none of the drugs tested affected the CAP; therefore they are likely to specifically affect synaptic processes. Superfusion of Mg2+-free medium, however, significantly enhanced the CAP, which may be explained by an enhancement of excitability due to the loss of membrane screening effects of divalent cations13; (2) 2/~M CNQX almost completely abolished the PS and PSP and 300/aM kynurenic acid and 400/aM ~DGG markedly reduced these components; (3) washout of Mg 2+ resulted in an increased amplitude of the PS and PSP and prolongation of the PSP, but 50/~M D-AP-5 only abolished the prolongation and enhancement of the PSP; all of these effects were reversible; (4) 100 pM atropine was ineffective in suppressing the PS and PSP; 14 pM D-tubocurarine reduced the PSP but did not affect the PS; 50/~M pyridostigmine reversibly suppressed the PS and PSP.
The suppression of the PS and PSP by the quisqualate/ kainate-receptor antagonist CNQX at micromolar concentrations demonstrates a powerful contribution of the Glu/Asp transmitter system to the locally evoked synaptic potential 2'28'49. This conclusion is corroborated by the antagonizing effects of kynurenic acid and vDGG, which affect glutamatergic transmission in the hippocampus and the spinal cord in a similar concentration range as reported here 7'1°'~5'54. Subregions of the Acb appear to behave uniformly, since suppressive actions of these antagonists were found at many distinct locations in the Acb. This invariant pattern of activity may reflect the overall distribution of cortical and thalamic afferents, which, taken together, terminate in many different subregions of the mcb 17'18"24'26'34'52. The finding that D-tubocurarine and atropine did not antagonize the population spike is in agreement with our conclusion that the locally evoked synaptic response is mediated by glutamate or aspartate. This conclusion is further strengthened by the observation that neither haloperidoi (5 pM), a dopamine antagonist, nor naioxone (1 pM), an opiate antagonist, affected the response (Pennartz et al., unpublished observations).
The presence of a NMDA-receptor mediated component in the PSP in Mga+-free medium confirms that local stimulation releases Glu/Asp from fibers terminating in the Acb. The finding that application of D-AP-5 alone did not affect the synaptic response suggests that NMDA receptors do not significantly participate in synaptic transmission in normal superfusion medium. Uchimura et al. 6° reported that NMDA receptors mediate a major part of the locally evoked synaptic potential; however, the concentrations of D,L-APV (250 /AM) and O-Ctaminoadipic acid (1 raM) they used may have had non-specific effects. Simultaneous application of CNQX and washout of Mg 2÷ revealed that CNQX, in a concentration of 2/~M, does not block NMDA receptor mediated activity.
The changes in synaptic responses elicited by PTX and pentobarbital were essentially opposite: PTX reversibly enhanced the PS, prolonged the PSP and induced a secondary spike, which was most pronounced during paired-pulse stimulation and at saturating stimulation intensity. Pentobarbital strongly attenuated paired-pulse facilitation and reduced the amplitude of the PS and PSP in the conditioning response. These effects may be interpreted as indicating that under normal conditions local stimulation evokes GABA release and rapid activation of GABA A receptors, which attenuate firing in Acb neurons. At present the origin of this GABA A receptor mediated IPSP is unknown 5'6°.
The finding that D-AP-5 blocked a large part of the PTX-induced enhancement and prolongation of the PSP, as well as the secondary spike, demonstrates that NMDA receptors are activated by local stimulation under the condition of reduced GABAergic inhibition. Apparently, shifting the balance between excitation and inhibition in favor of the former produces an amplification of excitation by activation of NMDA receptors. Previously, Hablitz and Langmoen 22 and Dingledine et al) 2 demonstrated a similar interaction in slices of the rat hippocampus. In the striatum, this phenomenon may prove to be important for studies of plasticity, development of myoclonic seizures and locomotor hyperactivity induced by picrotoxin injections in the Acb 3°'61.
A final point to be discussed concerns the question to what extent the ventral striatum is physiologically similar to the dorsal striatum. Several studies of the dorsal striatum 42'43'59 showed that local stimulation of slices evoked field potentials similar in shape and time course to the potentials reported here for the Acb. The first negative peak was also identified as a compound action potential not mediated via synapses, and the second peak as a monosynaptic PS 43. However, a clear PSP component was not reported in this structure. The PS, thought to arise from excitation of corticostriatal fibers, was reduced by low affinity glutamatergic antagonists s'as. Atropine and D-tubocurarine were found to have no effect on this component 59. However, a blocking action of the nicotinic receptor antagonists o-tubocurarine and mecamylamine on the PS was reported by Misgeld et al. 44 . Thus, in the dorsal striatum the PS may be mediated by a glutamatergic mechanism of transmission, but cholinergic mechanisms may also contribute. Application of D-AP-5, MgE+-free solution and quinoxalinediones to neuronal populations in the dorsal striatum may provide further insight into the physiological similarities between the dorsal and ventral striatum.
